Episodic memory is the capacity to recall an event in time and place (What? Where? When?). Impaired episodic memory is a debilitating cognitive symptom in schizophrenia but is poorly controlled by currently available antipsychotic drugs. Consistent with glutamatergic abnormality in schizophrenia, the NDMA receptor antagonist, phencyclidine (PCP), induces persistent 'schizophrenia-like' symptoms including memory deficits in humans and rodents and is widely used as an animal model of the disorder. However, in contrast to humans, PCP and PCP withdrawal-induced memory deficits in rodents are reversed by antipsychotic drugs such as clozapine. One possible explanation is that the memory tasks used in animal studies do not simultaneously test the What? Where? When? components that characterize episodic memory in human tasks. We investigated whether subchronic PCP withdrawal disrupts memory in rats in a task that requires simultaneous integration of memory for object, place and context. Rats learn to discriminate objects under specific spatial and contextual conditions analogous to the What? Where? When? components of human episodic memory. We found that PCP withdrawal impaired performance on this task and that the atypical antipsychotic drug clozapine did not reverse this impairment. However the acetylcholinesterase inhibitor (AChEI) donepezil, which has been shown to improve episodic memory in humans did reverse the effect of PCP. This suggests that PCP withdrawal disruption of object-placecontext recognition in rats may prove to be a useful model to investigate episodic memory impairment in schizophrenia and supports the suggestion that AChEIs could prove to be a useful pharmacological strategy to specifically treat episodic memory problems in schizophrenia.
Introduction
In addition to symptoms such as hallucinations and delusions, patients with schizophrenia suffer from profound impairments in episodic memory (Al-Uzri et al. 2006 ; Gold & Weinberger, 1995) . These cognitive impairments are of particular significance for the disease as they are more closely associated with poor outcome in patients than other symptoms, such as hallucinations or delusions (Berenbaum et al. 2008 ; Green et al. 2004) . However, unlike other core symptoms episodic memory impairment is not routinely improved by antipsychotic treatment, nor is it currently treatable using any other pharmacological strategy (Gopal & Variend, 2005 ; Meltzer & McGurk, 1999) . One impediment to the identification and evaluation of potential new drug treatments is the lack of reliable animal models specifically designed to simulate episodic memory impairment in schizophrenia, as identified by recent research consortia, e.g. Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) (Sarter, 2006 ; Young et al. 2009 ).
Episodic memory is the capacity to recall an event in time and place, i.e. 'What? Where? When?' (Tulving, 1983) . It was previously thought that without language animals could not show episodic memory (Mitchell, 1993) , but it is now clear that with appropriate methodology many animals, including rodents, can encode events with specific What? Where? When? components (Clayton & Dickinson, 1998 ; Eacott & Norman, 2004 ; Kart-teke et al. 2006) .
There is considerable evidence that N-methyl-Daspartate receptors (NMDARs) are important for memory formation and that NMDAR function is abnormal in schizophrenia (Jentsch & Roth, 1999) . NMDA antagonists [such as ketamine and phencyclidine (PCP)] exacerbate psychosis in schizophrenia patients, and in healthy volunteers induce not only symptoms such as delusions, but also episodic memory impairments (Hetem et al. 2000 ; Honey et al. 2005 ; Lahti et al. 1995) . PCP and PCP withdrawal-induced learning and memory deficits in rodents are consequently widely used to attempt to model the abnormalities in memory and other cognitive functions in schizophrenia (Jentsch & Roth, 1999 ; Wong & Van Tol, 2003) . The behavioural effects of PCP in humans have been shown to persist for several weeks after drug discontinuation, which is why withdrawal from repeated PCP administration is widely used as a pharmacological animal model relevant to schizophrenia (Enomoto et al. 2007 ; Jentsch & Roth, 1999 ; Seillier & Giuffrida, 2009 ). In PCP-withdrawal models animals are free from the considerable sedative effects of acute PCP that may confound interpretation of impairments in memory tasks. In addition, withdrawal models have an advantage in that they circumvent the 'receptor tautology ' confound in pharmacological translational studies, namely, that reversal of drug-induced effects can simply reflect a pharmacological interaction and may not necessarily predict clinical efficacy (e.g. Young et al. 2009 ). For these reasons our investigations began with the PCP-withdrawal model.
At the behavioural level, tasks currently used to assess episodic memory such as novel object recognition following PCP withdrawal may be limited for two reasons. First, PCP withdrawal induces object recognition deficits in rodents that are reversed by antipsychotic drugs (Grayson et al. 2007 ; Hashimoto et al. 2005) . However, it is clear that antipsychotic drugs are ineffective at reversing memory impairments in patients (Goldberg et al. 1993) representing what has been termed a 'false positive ' (Young et al. 2009) . Second, there is evidence that the brain circuitry that underpins performance in tasks that assess memory for What? When? may be different from that involved in the ability to remember What? Where? When? (Eacott & Norman, 2004 ; Langston & Wood, 2009) . In the present study we investigated whether PCP withdrawal would disrupt object-place-context (OPC) recognition when the task includes memory for What? Where? When?, as has been shown for human episodic memory. Having established that PCP withdrawal disrupted performance on the task, we investigated whether the antipsychotic drug clozapine affected performance at a dose that reverses PCPwithdrawal effects in standard object recognition models. Finally, we investigated whether the acetylcholinesterase inhibitor (AChEI) donepezil which has been shown to improve episodic memory in humans (Grö n et al. 2005) affects performance.
Episodic memory was assessed using the OPC recognition paradigm developed by Eacott & Norman (2004) . This task requires a rat to recollect the location (' where ') of a specific object (' what ') depending on the context in which it was encountered (' when ') (Eacott & Norman, 2004) .
Materials and methods

Animals
Twenty (expt 1) or 40 (expts 2 and 3) adult male Lister Hooded rats (Biomedical Services Unit, University of Nottingham Medical School, UK ; 150-200 g on arrival, 300-350 g at the start of behavioural testing) were used. Animals received 1-2 min daily handling beginning the day after arrival at the unit and ending the day before the experiment. Animals were exposed to the test room 1 d before habituation. Animals for all experiments were kept in a temperature-(21¡2 xC) and humidity-(40-60 %) controlled environment on a 12-h light/dark cycle (lights on 07:00 hours). Food (standard animal chow, USA) and water were available ad libitium. Experiments were performed in accordance with the UK Animals (Scientific Procedures) Acts, 1986 and approved by a local ethical review committee (University of Nottingham) and the Home Office of the United Kingdom (project licence approval number : PPL 40/2715). Figure 1 indicates the drug and behavioural testing regimens for expts 1-3.
Drug administration
Subchronic PCP treatment (expts 1-3) PCP hydrochloride was obtained from Sigma-Aldrich (UK) and dissolved in saline (0.9 % w/v NaCl). PCP (5 mg/kg.ml in saline) was injected intraperitoneally (i.p.) twice daily (08:00 and 18:00 hours) for 7 d followed by a 7-d drug-free period. The control group received the same treatment regimen with sodium chloride 0.9 % w/v (1 ml/kg i.p.). The dose of PCP and treatment schedule was based on Jentsch et al. (1997) .
Clozapine (expt 2)
Clozapine was obtained from Sigma-Aldrich (UK). Clozapine was dissolved in a minimum volume of acetic acid, pH adjusted to 5.5 with 1 M sodium hydroxide (NaOH) and saline (0.9 % w/v NaCl) was added to adjust the volume. Rats received 5 mg/kg i.p. clozapine or saline (0.9 % w/v NaCl) (1 ml/kg i.p., n=20) 40 min prior the task for 8 consecutive days. This regimen has previously been shown to reverse object recognition deficits in rats treated with NMDAR antagonists PCP and MK-801 (Grayson et al. 2007 ; Karasawa et al. 2008) . One PCP-treated rat died after 2 d treatment for unknown reasons, leaving n=19 for the final experiment.
Donepezil (expt 3)
Donepezil was obtained from The National Institute of Mental Health (NIMH ; Bethesda, USA). Donepezil was dissolved in saline (0.9 % w/v NaCl). Rats received 0.3 mg/kg i.p. donepezil or saline (0.9 % w/v NaCl) (1 ml/kg i.p., n=20) 40 min prior the task during 8 d. This regimen has been shown to improve memory in other models in rodents (Prickaerts et al. 2005) .
Behavioural testing
Behavioural testing was performed using an adaptation of a previously published method (see Eacott & Norman, 2004 for full details).
Apparatus
All testing was carried out in two different clear Perspex chambers (30r30r30 cm). A clear Perspex lid was placed on top of each chamber to prevent escape but had holes y1 cm to allow the circulation of air. A camera was fixed to the lid to record each trial. One chamber (context 1) had a white plastic floor and the walls were covered in black and white squares (3 cm 2 ). The second chamber (context 2) had a black plastic floor and four natural wood walls. Both chambers had crosses marked at the two locations where objects would be presented. These locations were in the lower right and upper left corners 5 cm from the walls of the chamber. The chambers remained in the same position throughout the experiment. The room was lit by a single, centrally placed overhead fluorescent light (650 lx measured from the base of the experimental chamber, 640 lx measured from the centre Shows the experimental design of the object-place-context (OPC) recognition task. Rats explored two contexts with two different objects in alternating locations. After a 5-or 10-min delay, they were tested in one of the contexts (first one encountered) with two similar objects. Only one object ('what') was located in a new place ('where') depending on the context ('which-when').
of the room). Objects were chosen to fulfil the criteria of being easily cleaned and not easily gnawed by the rats. They were of a similar size and shape with different textures (e.g. glass, sand-blasted glass bottles), or colours (e.g. black and white), and sufficiently heavy to prevent the rats from pushing them over.
Copies of the objects were used during test trials to eliminate the use of odour cues. Objects and contexts were the same for all experiments.
Habituation
Each rat received one habituation session a day for 8 d.
A habituation session consisted of placement of the rat in the behavioural chamber for 10 min with an object at the centre of the arena. Four of these habituation sessions were carried out in context 1 and four habituation sessions in context 2, the order of which was counterbalanced. The objects used during habituation were different from those used during the rest of the experiment but were of a similar size and weight.
OPC recognition task
Trials consisted of two sample phases and a test phase separated by a delay. For all phases the rat started from the same point in the arena. Different copies of objects were used in each trial to prevent the use of odour cues.
Sample phase 1
The first sample phase was carried out in context 1 with object A in the lower left corner and object B in the upper right corner. Rats were allowed to explore freely for 4 min. Rats were then placed in their holding cage for 1 min while the arena was cleaned using 70 % v/v ethanol.
Sample phase 2
The second sample phase was carried out in context 2 with the location of the object switched (B now in the lower left corner and A in the upper right corner). Rats were allowed to explore freely for 4 min, after which they were placed in their holding cage for a delay period (5 or 10 min) before the test phase.
Test phase
The test phase was carried out in context 1 with two copies of the same object placed in the lower left and upper right corners (either two copies of A or two copies of B). Rats were allowed to explore freely for 3 min. Each object, location and context were familiar to the rat ; however, one of the objects had never been seen before in this specific location in this specific context with two different time delays used as described below. Delays of 5 and 10 min were used, being selected on the basis of a pilot study in our laboratory replicating Eacott & Norman's (2004) experiment at seven different delays. For each delay each rat underwent four different trials, one per day, comprising sample 1, sample 2 and test as described above according to the following schedule. Two trials used context 1 and two trials used context 2 in the test phase. There were thus four possible combinations : context 1 or 2 with two objects A or two objects B (context 1 AA, context 1 BB context 2 AA, context 2 BB). Animals were tested in sample phase 1 context only as pilot studies in our laboratory showed a potential confound of recency vs. primacy (better memory for the last event compared to the first one ; Barker et al. 2007 ; Dere et al. 2005a) . (See Fig. 1 for more details on experimental design). The location of the objects during the sample phase was counterbalanced between delays and animals. In all experiments rats began the task on day 8 after the last PCP injection.
Data analysis
Time spent exploring both objects during test was scored from a video recording of the test phase. The video was independently scored twice and the Pearson correlation coefficient between two independent ratings of object exploration was r=0.8. A discrimination index (DI) was calculated as time spent exploring the novel object A score of 0 indicates no discrimination between novel and familiar object. Note that the novel object in this procedure is the one that is in a new location for a specific context as the rat is already familiar with the object, location and context.
For the sample phase a split-plot ANOVA was used with exploration time (in seconds) as dependent variable with treatment and experimental day as factors. For the test phase one-way ANOVA for each delay was performed with DI as dependent variable and treatment as factor followed by planned post-hoc t tests where appropriate. Treatment levels were (expt 1 : PCP-saline, saline-saline ; expt 2 : PCP-saline, salinesaline, saline-clozapine, PCP-clozapine ; expt 3 : PCP-saline, saline-saline ; saline-donepezil, PCPdonepezil ; In all experiments one-sample t test for individual treatment groups was used to determine if the DI was significantly greater than zero as reported in Eacott & Norman (2004) . All statistics were conducted using SPSS software, version 16.1 (SPSS Inc., USA).
Results
Expt 1 : effect of subchronic PCP withdrawal on OPC recognition memory During the sample phase (Fig. 2 a) , there was a significant decrease in time spent exploring the objects over the 8 d of procedure (ANOVA effect of day : F 7,126 =46.16, p<0.01, but not treatment).
During the test phase (Fig. 2 b) , at the 5-min delay there was a significant effect of treatment on the DI (F 1,19 =8.01, p<0.01). The DI of saline-treated rats was significantly greater than 0 at the 5-min but not 10-min delay (t 9 =2.62, p<0.05).
Expt 2 : effect of clozapine on PCP-withdrawal disruption of OPC recognition
As found in expt 1, total time spent exploring the objects during the sample phase decreased over days in saline-saline and PCP-saline groups (Fig. 3 a) . Both clozapine-treated groups showed markedly reduced exploration of the objects during this phase (ANOVA significant effect of day : F 7,245 =57.53, p<0.01, and treatment : F 3,35 =307.28, p<0.01).
During the test phase, at the 5-min delay (Fig. 3 b) , there was a significant effect of treatment on the DI (F 3,35 =3.08, p<0.05). DI in the PCP-saline group was significantly lower than the saline-saline group (t 17 =2.21, p<0.05) but not significantly different from the PCP-clozapine group (p>0.05). DI was significantly greater than zero in the saline-saline (t 9 =3.82, p<0.01) and saline-clozapine (t 9 =2.33, p<0.05) groups, suggesting that clozapine did not impair the capacity of rats to perform the task despite reduced object exploration in the sample phase. At the 10-min delay none of the experimental groups recognized the correct new triad of object, place and context.
Expt 3 : effect of donepezil on PCP-withdrawal disruption of OPC recognition
During the sample phase (Fig. 4 a) rats showed decreased object exploration over days (ANOVA effect of day : F 7,252 =83.24, p<0.01) but no effect of treatment.
During the test phase (Fig. 4 b) , at the 5-min delay there was an effect of treatment (F 3,36 =2.81, p=0.05). The DI was lower in the PCP-saline group compared to the saline-saline (t 18 =2.43, p<0.05), PCP-donepezil (t 18 =2.21, p<0.05) and saline-donepezil (t 18 =2.50, p<0.05) groups. At the 5-min delay the DI was significantly greater than zero in saline-saline (t 9 =3.71, p<0.01), saline-donepezil (t 9 =3.57, p<0.001) and PCP-donepezil (t 9 =2.74, p<0.05) groups. At the 10-min delay DI was significantly greater than zero in saline-donepezil (t 9 =2.45, p<0.05) but not salinesaline (t 9 =0.083, p>0.05) groups, suggesting that the saline-donepezil group successfully performed the task while the saline-saline control group did not.
Discussion
These data first indicate that rats can perform a recognition memory task that requires simultaneous memory for What? Where? When? in a robust and replicable manner. In controls, reduced memory was seen at 10-min delay, confirming the delay dependence of the task (Eacott & Norman, 2004) . PCP-treated rats showed impaired memory at both 5-and 10-min delays. Clozapine, an atypical antipsychotic reduced exploratory behaviour but despite this did not affect memory performance either when given alone or to PCP-treated rats. In contrast, donepezil, an AChEI, improved OPC recognition performance in control rats and furthermore restored the PCP-withdrawalinduced memory deficit. These findings show first that memory simultaneously measuring the What? Where? When? triad is sensitive to disruption by withdrawal from a NMDAR antagonist. Second, in contrast to previous studies using PCP disruption in learning and memory tasks which do not require object-place and context components, clozapine did not reverse these deficits. Third, these data suggest that it is possible to pharmacologically distinguish between memory for What? Where? When? (OPC recognition) and ' what ' (one-trial object recognition) which supports the theoretical position of separate memory systems. Fourth, these data show that PCP-withdrawal memory deficit is sensitive to the effects of donepezil both confirming that memory in this model can be improved by drugs which enhance central cholinergic function, and the potential of this class of drugs to ameliorate episodic memory deficits in schizophrenia.
PCP withdrawal disrupts episodic memory incorporating the What? Where? When? triad
Many previous studies have demonstrated the ability of rodents to discriminate between objects using either At 5-min delay, only the PCP-saline group DI was not significantly greater than zero ( · p<0.05) and there was a significant difference between scores from the PCP-saline group with drug groups (* p<0.05). At 10-min delay, the saline-donepezil-treated rats' DI was significantly greater than zero ( · p<0.05). Errors bars represent¡S.E.M.
spatial or non-spatial information in a time-dependent manner (Dere et al. 2005a, b ; Good, 2007 ; Kart-Teke et al. 2006) . However, in contrast to other paradigms, in the present OPC recognition task, rats have to discriminate objects in terms of context ('when '=in which context was it seen) as well as in time (' how long ago was it seen?), thereby using contextual information to differentiate events that have occurred in the past (Smith, 2008) . It is unlikely that rats have solved the task on the basis of simple familiarity as objects, places and contexts are equally familiar and it is only the combination of object-context-location that is novel in the task (Eacott & Norman, 2004 ). These results demonstrate a replicable deficit in OPC recognition memory after withdrawal from a subchronic PCP regimen in rats (5 mg/kg twice daily during 7 d). These data support prior demonstrations of memory impairment following PCP treatment in rodents, and extend these to include memory that requires the encoding of What? Where? When? characteristics (Javitt, 2007 ; Jentsch et al. 1997) . These data are consistent with human studies showing that acute noncompetitive NMDAR antagonists disrupt episodic memory performance (Hetem et al. 2000 ; Honey et al. 2005) and more specifically for the PCP-withdrawal model that these deficits are persistent after drug discontinuation (Malhotra et al. 1996) . As this model involves withdrawal from PCP rats are not tested under the acute influence of the drug, thus it is unlikely that results are mediated by extraneous effects of PCP on general performance in the rats. There were no significant differences in total object exploration between PCP and control rats during the sample phases confirming that withdrawal from PCP had no effect on general exploration pattern.
There are a number of possible underlying mechanisms that could mediate PCP-withdrawal-induced deficit in episodic-like memory. Subchronic PCP reduces the number of parvalbumin-immunoreactive (parvalbumin-IR) neurons in the CA2/3 subregion of the hippocampus measured 6 wk after treatment and reduces prefrontal cortical dopaminergic activity (Abdul-Monim et al. 2007 ; Jentsch et al. 1997) . Given that previous studies have demonstrated a role of both the hippocampus (Eichenbaum, 2003) and frontal cortical networks in the temporal discrimination of events and episodic memory (Barker et al. 2007 ; Lee & Kesner, 2003) these are possible mechanisms that could be explored in future studies. It will be of interest in future studies to investigate whether other regimens of PCP administration produce similar OPC memory impairment, e.g. repeated low doses (Beraki et al. 2009 ).
Clozapine does not reverse PCP-induced deficits in OPC recognition memory Clozapine (5 mg/kg) did not restore the PCP withdrawal-induced episodic memory deficit in OPC recognition. The dose used produced significant sedation which is reflected in reduced exploration times during the sample phase of the task reproducing the known sedative effects in patients and in rodents (Kumra et al. 2008 ; Wiley, 2008) . However, no disruption in DI in clozapine-treated rats suggests that in this task a degree of sedation does not confound memory performance. It is possible that clozapine may have an influence at a higher dose than that tested here. This is unlikely, as at this dose clozapine reverses PCP-and MK-801-(a non-competitive NMDAR antagonist) induced deficits in one-trial object recognition (Grayson et al. 2007 ; Hashimoto et al. 2005 ; Karasawa et al. 2008) . These studies used one-trial object recognition tasks addressing ' what' (which object is new?), that only refer to a previous event, and are considered as working-memory tasks (Ennaceur & Delacour, 1988) . This is in contrast to OPC recognition in the present study which requires a comparison between events. The possibility that these tasks may be dissociable is suggested by the finding that hippocampal lesion does not impair one-trial object recognition but does impair OPC recognition and by the finding that fornix lesion impairs OPC but not object-place tasks (Dere et al. 2007 ; Eacott & Norman, 2004 , Langston & Wood, 2009 . In the present study clozapine did not improve the PCP deficit in OPC recognition. The present findings confirm that this reversal does not extend to episodic memory defined as memory for What? Where? When? While the present findings suggest a reproduction of the lack of clinical effectiveness of antipsychotics such as clozapine to treat episodic memory deficits seen in schizophrenia, further studies using a variety of doses and antipsychotics including putatively antipsychotic mGluR 2/3 agonists, are warranted before such a conclusion could be definitively drawn (Harvey & Keefe, 2001 ; Patil et al. 2007 ; Riutort et al. 2003) .
PCP deficit in OPC recognition is reversed by donepezil Donepezil (0.3 mg/kg) increased performance in saline-treated rats and reversed the PCP-induced deficit in the episodic memory task of OPC recognition. Donepezil is known to have a beneficial effect on learning and memory in Alzheimer's disease (Bullock & Dengiz, 2005 ; Tsuno, 2009) . In schizophrenia, anomalies in the cholinergic pathway have been reported such as lower numbers of muscarinic (Crook et al. 2001) and nicotinic (Freedman et al. 1995) receptors in the prefrontal cortex and hippocampus (Raedler et al. 2006) . Few studies have investigated the cognitive effect of donepezil in rodent models relevant to schizophrenia. Studies in mice have shown donepezil reversal of MK-801 and PCP-induced deficits in spatial reversal learning, contextual and cued memory, and one-trial object recognition (Csernansky et al. 2005 ; Kunitachi et al. 2009 ). In middle-aged mice, Béracochéa (2007) demonstrated that donepezil given alone improves contextual memory (Béracochéa et al. 2007) . Furthermore, human studies have also revealed episodic memory improvement after donepezil administration (Grö n et al. 2005) . Our results are consistent with these findings as in the present study at the 10-min delay donepezil-treated rats showed clear object discrimination where controls did not, suggesting that it enhances basal memory performance. AChEIs have been tested in initial clinical trials in schizophrenia with some studies suggesting a beneficial effect in general cognitive impairment but others demonstrating minimal benefits (Buchanan et al. 2003 ; Chung et al. 2009 ; Friedman et al. 2002 ; Howard et al. 2002 ; Keefe et al. 2007 ; Lee et al. 2007 ; Risch et al. 2007 ; Tug al et al. 2004) . However, the studies performed to date have used general cognitive assessment batteries typically measuring executive function and attention and do not include specific tests of episodic memory. While large-scale double-blind studies are required to fully assess the therapeutic potential of AChEIs, our study suggests that episodic memory impairment, in particular, might benefit from the effects of AChEIs in schizophrenia.
